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Introduction
Water is a unique solvent and its crucial role is generally recognised in almost all chemical processes occurring in living systems [1] [2] [3] . Specificity of water stems from the complexity of its dynamic bulk structure. While the current understanding of the properties of pure water implies not so much ambiguity, the interactions between bulk water and solutes, particularly in binary aqueous solvent mixtures, are not yet fully understood. In highly structured liquids, which can form extensive networks of hydrogen bonds, solvation effects also depend on the structure of the reaction medium. This structure is extensively micro-heterogeneous in binary waterorganic solvent mixtures, where the domains surrounded by water exist with domains of water surrounded by the organic solvent [3] [4] [5] [6] [7] [8] .
The involvement of water in solvent mixtures brings forth a characteristic phenomenon known as hydrophobic effect, defined as a tendency of apolar species to aggregate in aqueous solutions and thereby reduce their contact surface with water [7] [8] [9] [10] [11] [12] [13] . This property of apolar molecules or apolar fragments of otherwise polar molecules is an important driving force for interand intramolecular binding and assembling processes in water, and plays a significant role in the functioning of living cells [1, [10] [11] [12] . Today it is well recognised that the same factor can also strongly influence chemical equilibria and reaction rates in aqueous media [7] [8] [9] [10] [11] [12] [13] [14] [15] . More generally, the possibility that lipophilicity of substrates may even play an important role in pure solvents has recently been realised [16] .
Different aspects of reactivity in binary watercosolvent mixtures have attracted interest of researchers for a long time [6] [7] [8] [9] 17] . Since the pioneering work of the Engberts and Blandamer group [18] , a series of papers about the quantitative interpretation of cosolvent induced rate effects have been published (for reviews see, e.g.
[10] and [11] ), covering data for water-rich media, i.e., systems with concentrations of cosolvents of about a few mole percentage points. Recent works from this group [19, 20] contain important findings related to kinetic effects observed in aqueous binary mixtures over a large concentration range and about the interactions responsible for these effects. Binary mixtures of lower water content have attracted the attention of many researchers because of their variable polarity and some other properties and therefore important mechanistic studies have been carried out within these concentration ranges by the groups of Bentley [21, 22] , , and others. However, unlike these studies, our work was focused mainly on water-rich mixtures, because these are the media where hydrophobic interactions can play an important role in determining reactivity.
Hydrophobic interactions have been studied by a large variety of experimental techniques [7, 10, 11, 26] . Our contribution to studying hydrophobic interactions in different solvent systems consists of applying power ultrasound to kinetic investigations of polar homogeneous reactions in solutions [27] [28] [29] [30] . The progress in this approach was attained through a combination of sonication data [29, 30] with application of linear-free-energy relationships. In our subsequent work in this field [31] , rate constants for some organic reactions were compared with those for the solvolysis of tert-butyl chloride (2-chloro-2-methylpropane) in the same organic-aqueous solutions and linear similarity plots [32] were observed in a wide range of the cosolvent content. These results, indicating that the same intermolecular interactions should govern solvent effects in different reactions, have inspired us to extend this extra-thermodynamic approach for the further study of solvent effects in binary water-organic systems.
In this report we use the database covering all published kinetic data related to solvent effects in binary water-organic media. It appeared that a similarity to the tert-butyl chloride solvolysis holds for an unexpectedly wide range of reactions, which represent largely different mechanisms and proceed in a great number of solvent mixtures. Unlike in conventional approaches, where attempts have been made to describe solvent effects stemming from the properties of the solvents, this investigation is focused on the structure of the reagents and their interaction with reaction media. The practical importance of organic reactions in watersolvent mixtures, which are generally recognised as the "greenest" reaction media for chemical technology [1, 2] , seemed to be an additional important reason for a wider analysis of this phenomenon.
2.
Most generally, a free energy relationship can be defined by Eq. 1 where parameter a is the similarity coefficient [32] .
The term ΔG is the free energy (the Gibbs energy) of a process such as a rate or equilibrium and ΔG st is the free energy of a standard process. For practical data processing of free energy-related parameters, logarithms of rate or equilibrium constants of chemical reactions can be used, so Eq. 2, equivalent to Eq. 1, can be applied to kinetic data.
In Eq. 2 C sim is the similarity coefficient and k st is the rate constant of the standard reaction selected on the basis of certain theoretical or practical considerations. In our approach log k and log k st values characterise two different reactions, studied at identical compositions of the reaction medium. By analogy with numerous other approaches, the solvolysis of tert-butyl chloride (2-chloro-2-methylpropane) in aqueous organic binary solvents at 25 o C was selected by us as the standard process because of the most extensive set of available data. The appropriate kinetic data were taken from [35] [36] [37] . Rate constants for other reactions in binary aqueous organic solvents were collected from literature and these data were compared with those for the standard reaction. This way we were able to avoid the commitment to any previously determined solvent parameters and proposed intermolecular interactions and we were able to rely on the most fundamental principles of the LFE analysis, i.e., if concerning our subject, the solute-solvent interactions in the model process and in the process under investigation must be closely related [4] . In contrast, if Eq. 1 holds, the similarity between the solute-solvent interactions in processes under investigation is reliable. For practical reasons we define log k st as in Eq. 3 (3) In this case intercept b in Eq. 2 has a reasonable physical meaning as the rate constant for pure water.
It has to be mentioned that the procedure used in this work has certain conformity to correlations with the Grunwald-Winstein equation [4, 33] 
where Y is defined as , and m is the susceptibility of the reaction to solvent ionising power, while log k 0 is measured in 80 vol% EtOH-
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H 2 O. Importantly, in some cases the C sim parameter has the same numerical value as the susceptibility factor in Eq. 4; however, the physical meaning of C sim in our approach is not identical to that of the parameter m. The same holds for the extended Grunwald-Winstein equations [38, 39] . Transformation of Eq. 4 to the form in Eq. 5, ,
where m and c are to be fitted, clearly demonstrates the principal difference between Eq. 2 and Eq. 4. While Grunwald-Winstein equations have been extensively exploited in mechanistic investigations of solvolytic reactions [21-23], our approach was focused on solvation issues relative to the solvolysis rate of tertbutyl chloride (2-chloro-2-methylpropane) and involved a great variety of reactions in binary water-organic solvent mixtures, including solvolyses, hydrolyses, and many other processes.
To illustrate this principle, the kinetic data for five reactions in aqueous ethanol mixtures were compared with the data for the solvolysis of tert-butyl chloride in the same media as shown in Fig. 1 . It is evident that all these reactions, occurring by principally different mechanisms, are strongly influenced by the addition of alcohol into the reaction medium. Log k plots for these processes have extensive linear regions, in some cases up to 100 mol-% of ethanol. In this solvent system log k for the base-catalysed hydrolysis of ethyl acetate are linear to log k for tert-butyl chloride solvolysis in the range up to 55 mol% of the alcohol. It can be seen that the slopes of these linear plots significantly depend on the nature of the reagents and change from positive to negative values.
Similar linear plots were obtained for 70 different reactions in water-methanol, water-ethanol, wateracetone, water-1,4-dioxane, water-acetonitrile, and water-DMSO mixtures ( Table 1 ). All these correlations are listed in the Supplemental Materials, where the values of the similarity coefficients C sim and all the statistical data are presented. No compilation of data from different literature sources was performed; however, if needed, interpolation of data for the tert-butyl chloride solvolysis was used to find points for the corresponding solvent compositions. Exclusively, data comprising at least four points were subjected to statistical analysis. As a rule, extrapolated data were not used in this analysis and coincidence of intercepts of Eq. 2 for cosolvents was interpreted as an indication of reliability of the correlations. In addition, data determined at 25 o C or at temperatures close to 25 o C were preferred. In a number of cases the studied range of the solvent composition was determined by the availability of data, since the reported measurements do not always cover the 0 to 100% range of the molar content of the cosolvent in the mixture. For a few reactions the bell-shaped dependences on the log k t BuCl were obtained. If linearity in such plots could be found, the water-rich region was preferred. For all 161 linear plots listed in the Supplemental Materials the correlation coefficient is large and remains greater than 0.996 in a half of the cases. These results demonstrate significant generality of the LFE relationship, Eq. 2, in different aqueous solvents.
A certain similarity was found in the large ranges of solvent composition, up to 100% of cosolvent if experimentally available, not only for solvolysis reactions of haloalkanes but also for some sulphonyl chlorides and esters of sulphonic acids. The values of similarity coefficients are large or even close to unity for haloalkanes. For reactions like ester hydrolyses, solvolysis of sulphonyl chlorides, and some others, the similarity coefficients are small or even negative and the linear correlation holds in the range from pure water up to 20 or even 55 mol% of the cosolvent. Evidently, the water-rich region of the binary aqueous solvents can be extended to systems containing 20 mol% or more of the cosolvent (cf. also [19, 20] ). The striking similarity observed for all the reactions studied in mixtures containin water and an organic cosolvent is certainly caused to some extent by the preferential solvation of the reacting substrates by water, independently of the specific watercosolvent mixtures used [45] . If not caused by changes in the reaction mechanism, the region where the linear correlations cease to hold can possibly be related to the changes in the molecular structure of the solvent system and accordingly in the solute-solvent interactions.
Spectroscopic, X-ray diffraction, neutron diffraction, and mass spectrometric experimental studies have shed light on the structure of water-organic binary mixtures [7, [46] [47] [48] [49] [50] [51] [52] . Experimental evidence has been found for incomplete mixing at the microscopic level occurring in these binary solvents. This means that water-organic binary mixtures contain microscopic phase separation at the cluster level [7, [46] [47] [48] [49] 51, 52] , i.e., the water-rich clusters and the cosolvent-rich clusters coexist showing microscopic phase separation in wide mixing ratios. Water molecules promote self-association of organic molecules as a balance of interactions controlling the microscopic structure in the solution [51] .
Recent experimental data suggested that the microscopic solvent structure is the major factor governing solvation of added solutes [7] . It has been found that solvation of the solute in a binary aqueousorganic solvent mixture is strongly related to the mixed solvent cluster structure, e.g., alcohols preferentially interact with the water clusters when those are stabilised in the mixed solvent, however; phenol is excluded from clustering with water molecules [7] . These and related results complement and suitably extend the concept of preferential solvation of reacting substrates.
An impressive conclusion reached from the results of our LFE analysis is that statistically reliable similarities have been found between significantly different reactions (cf. Table 1 ). There seems to be a very specific feature affecting the reactions occurring in aqueous binary mixtures, as the striking difference between solvent 
Complete tables containing similarity coefficients, range of cosolvents in mol%, intercepts of the similarity correlations with statistical errors, correlation coefficients, logarithms of partition coefficients of compounds between water and 1-octanol (log P) with statistical errors, and the list of references can be found in Supplemental Materials. b The reference reaction is solvolysis of tert-butyl chloride (2-chloro-2-methylpropane). c Total number of similarity correlations is 161.
effects, e.g. in S N 1 and S N 2 reactions, is one of the fundamental principles of physical organic chemistry. In fact, both these mechanisms are represented in the LFE analysis. The linearity of these plots within a large range of water content indicates that independent of the reaction mechanism and type of solvent added, similar interactions between substrates and the reaction medium govern these processes.
Role of cosolvents in determining the reactivity
Numerical values of the similarity coefficients determined in this work reflect the susceptibility of reaction rates to changes in the solvent composition relative to the solvolysis of tert-butyl chloride (2-chloro-2-methylpropane) in the same binary solvent mixtures. Examination of the similarity coefficients revealed little differences between the similarities for reactions carried out in different water-organic binary solvents. The similarity coefficients for reactions in the watermethanol, water-acetone, water-1,4-dioxane, and water-acetonitrile mixtures were plotted against the similarities for the water-ethanol solvent system. The results of these correlations are collected in Table 2 . The binary solvent mixture water-ethanol was chosen as the reference system because the most numerous data were determined in this solvent. It is remarkable that similarity coefficients for different reactions lay well on a common straight line with the slope close to unity (Fig. 2) . The intercepts of similarity plots give similar values for all cosolvents (See Supplemental Materials and Fig. 3) . This is in a good agreement with their physical meaning as the reaction rate in water.
Noteworthy, previous attempts have been made to clarify the role of water and cosolvents. Fainberg and Winstein found that the plots of log k RBr vs log k RCl for solvolyses of tert-butyl and α-phenylethyl halides in mixtures of water with ethanol, methanol, and 1,4-dioxane "formed a good single straight line" [53] . The same was found for the two pairs of organic halides -neophyl bromide and neophyl chloride, as well as for α-phenylethyl chloride and neophyl chloride [54] . Bentley et al. reported very similar solvent effects for solvolyses of 4-methoxybenzoyl and 4-methoxybenzyl chlorides. Remarkable features of the correlations reported for five aqueous binary mixtures were the slopes close to unity and the small range of values for the intercepts [55] . Later on, the group of Bentley and Koo [56] concluded that the main effects of added organic cosolvents are due to changes in water concentration.
Correlations presented in Table 2 confirm and generalise the conclusions drawn by Bentley et al. [56] since in the correlations determined by us a substantially larger set of very different reactions was investgated. It is evident that organic cosolvents virtually dilute the aqueous solution, at least in the water-rich region, thus affecting the solvation of substrates. This conclusion may seem rather trivial: if one adds an organic cosolvent to water, the overall water concentration decreases. However, what is remarkable, the same effect is exerted by cosolvents of different polarity, acidity or hydrophobicity. Although effects of cosolvents on polarity and nucleophilicity of the solvent system cannot be ignored, in our similarity model, log k vs log k t-BuCl , these effects seem to be mutually cancelled to some extent.
Reactivity vs. hydrophobicity of reagents
The results of our LFE analysis (Supplemental Materials) showed that the similarity coefficient C sim significantly depended upon the structure of the reacting compounds. At the same time this value was not much affected by the reaction mechanism, e.g. similar values of the similarity coefficients were determined for acidic and alkaline hydrolysis of ethyl acetate in aqueous ethanol (0.24 and 0.31), acetone (0.12 and 0.14) and 1,4-dioxane (0.09 and 0.11) solutions. This means that the major part of the solvent effect observed in the binary water-solvent mixtures was determined by a uniform interaction between the reacting compound and the reaction medium. A similar conclusion was drawn from the results of sonochemical experiments [29, 30] , which inferred additionally that this interaction could include a contribution from the hydrophobic effect.
To test this assumption we compared the values of the similarity factors with hydrophobicity of reacting compounds. It is evident that this comparison could be sound in cases where the same or very similar second reagent is involved in the reaction. In most of the cases analysed in this study either water plays the role of the second reagent or the reaction is unimolecular (the solvolysis reactions). For these reactions the hydrophobicity parameters of substrates [57, 58] , i.e., the logarithms of partition coefficients of compounds between water and 1-octanol (log P) were calculated
[59] (See Supplemental Materials). These partition parameters have been extensively used as a measure of the hydrophobic character of compounds [4, 58] , although the log P values seem to comprise contributions of molar refractivity, polarisability, hydrogen bond acidity and basicity, etc. [60] . The log P value for trimethylsulfonium ion was calculated on the basis of the experimental data published by Sikk et al. [61] .
In the context of solvent effects in binary solvent mixtures, attempts have been made to quantitatively describe the contribution of organic cosolvents by using their log P values [16, 62, 63] . However, unlike in those experiments, we have used hydrophobicity parameters of solutes in this study. It can be seen in Fig. 4 that the intensity of the relative solvent effect, quantified by the value of C sim , correlates with the hydrophobicity parameters of certain organic reagents. The set of points plotted in Fig. 4 comprises of those recorded for hydrolysis of esters of carbonic and sulphonic acids, and solvolysis of sulphonyl chlorides and chloroformates. The correlation with the log P values is quite good as seen in Eq. 6.
(6)
This calculation did not include the data-point for decomposition of the sulfonium ion. However, this point lies very close to the correlation line in Fig. 4 , although hydrophobicity of this cationic reagent is dramatically different from the hydrophobicity of all other reagents under consideration. In spite of that, the hydrophobicity plot summarised by Eq. 6 also holds for this compound.
According to the general principle of correlation analysis, Eq. 4 reveals that over 80% of changes in C sim (R 2 = 0.817) could be described by the properties of substrates expressed in log P terms and thus pointing to the involvement of hydrophobic phenomena in these cases. This result cannot be ignored in any further analysis of solvent effects in binary water-organic systems.
The remainder of the data is almost independent on the log P values (not shown in Fig. 4) and consists of the C sim values for solvolysis of haloalkanes, most of which exceed 0.8. A more detailed examination of these data revealed some regularities in distribution of C sim values. Similarities for solvolysis reactions of haloalkanes, except those for adamantyl halides, were scattered around C sim = 1 for tert-butyl chloride (2-chloro-2-methylpropane). Keeping in mind the basic principles of the similarity analysis, it can be concluded that in these cases (C sim close to unity) many effects have been mutually compensated, including those jointly described by the log P parameters [61] . However, some properties were obviously not entirely compensated, as C sim for bromoand iodoalkanes were systematically lower than those for chloro derivatives (See Supplemental Materials). Most probably this can be related to differences in polarisabilities of the substrates. Solvolyses of carbamoyl chlorides exhibit lower similarity coefficients and form a separate dependence on the log P values as can be seen in Fig. 4 .
In summary, while the similarity model used in this study holds independent of the reaction mechanisms (See Sections 2 and 3), the C sim values themselves seem to be determined additionally by the reaction mechanism, while the general pattern of solvation effects seems to be similar for different reactions.
Our approach is focused on the solutes instead of the solvents, thus susceptibilities of reactions to changes in solvation of substrates should be considered. As the log P values include good portions of substrate electrophilicity [61] the dependence of the C sim values on log P for reactions represented in Fig. 4 reflects greater susceptibilities to solvent nucleophilicity inherent to these reactions. In contrast to this, reactions more similar to the solvolysis of tert-butyl chloride are typical for substrates of relatively high hydrophobicity and lesser demand for the nucleophilic assistance when being solvolysed. Independence of C sim on the log P values can be related to the solvation patterns being very similar to those for tert-butyl chloride. On the other hand, results of our sonochemical experiments have pointed to possible dissimilarities in solvation of tert-butyl chloride and alkyl esters in binary aqueous organic solvent mixtures [29, 30] . Similar and more general conclusions can be inferred from the results of the current study. Clearly, the data need an interpretation in terms of the transition state theory [20] , however currently there is no sufficient information to support such analysis, including the values of activation parameters.
Correlations with hydrophobicity parameters are intriguing; however, they cannot provide an unambiguous proof for dominating hydrophobic interactions in all the cases. As currently reported [10, 11] , hydrophobic effects are important over only relatively small cosolvent concentration ranges. At larger cosolvent concentrations hydrophobic hydration shells are broken down and many complicated intermolecular interactions occur. In this context, it is interesting to conclude that for all the reactions studied, a similar mixture of intermolecular interactions is playing a role with different sensitivities for the different reactions. Moreover, considering the extensive stretch of most similarity plots over solvent compositions, it can be assumed that even at significant "dilution" by an organic cosolvent, water retains its specific solvating properties.
The relationships discussed above can also be explained by partition of reacting compounds between the solvent-rich and the water-rich clusters, assuming that reaction rates for these micro-media are different [7, 10, 11] . This conceivable model is implicitly related to the quantitative approach used by the Engberts group [19, 64] . However, this approach was specifically developed for low concentrations of cosolvents.
Conclusions
Similarity, defined in terms of LFE relationships between kinetic data for the tert-butyl chloride (2-chloro-2-methylpropane) solvolysis and reactions of largely different mechanisms, was observed for a variety of binary water-organic solvents. These linear plots indicated that similar solute-solvent interactions should govern these processes. Further, these interactions were associated with hydrophobicity of substrates, as the similarity coefficients were correlated with the hydrophobicity parameters of reagents. This means that the influence of organic cosolvents could be explained by dilution of water in the binary solvent mixtures that changes the solvation effect. This mechanism should be valid at least in the water-rich regions where the linear similarity plots can be observed.
